c Cytochrome P450 2B6 (CYP2B6) metabolizes clinically important drugs and other compounds. Its expression and activity vary widely among individuals, but quantitative estimation is hampered by the lack of safe and selective in vivo probes of CYP2B6 activity. Efavirenz, a nonnucleoside HIV-1 reverse transcriptase inhibitor, is mainly cleared by CYP2B6, an enzyme strongly inhibited in vitro by voriconazole. To test efavirenz metabolism as an in vivo probe of CYP2B6 activity, we quantified the inhibition of CYP2B6 activity by voriconazole in 61 healthy volunteers administered a single 100-mg oral dose of efavirenz with and without voriconazole administration. The kinetics of efavirenz metabolites demonstrated formation rate-limited elimination. Compared to control, voriconazole prolonged the elimination half-life (t 1/2 ) and increased both the maximum concentration of drug in serum (C max ) and the area under the concentration-time curve from 0 h to t (AUC 0 -t ) of efavirenz (mean change of 51%, 36%, and 89%, respectively) (P < 0.0001) with marked intersubject variability (e.g., the percent change in efavirenz AUC 0 -t ranged from 0.4% to ϳ224%). Voriconazole decreased efavirenz 8-hydroxylation by greater than 60% (P < 0.0001), whereas its effect on 7-hydroxylation was marginal. The plasma concentration ratio of efavirenz to 8-hydroxyefavirenz, determined 1 to 6 h after dosing, was significantly increased by voriconazole and correlated with the efavirenz AUC 0 -t (Pearson r ‫؍‬ >0.8; P < 0.0001). This study demonstrates the mechanisms of voriconazole-efavirenz interaction, establishes the use of a low dose of efavirenz as a safe and selective in vivo probe for phenotyping CYP2B6 activity, and identifies several easy-to-use indices that should enhance understanding of the mechanisms of CYP2B6 interindividual variability. (This study is registered at ClinicalTrials.gov under identifier NCT01104376.) H epatic cytochrome P450 (CYP) 2B6 (CYP2B6) was originally thought to play a minor role in human drug metabolism (1). Recent studies have revealed that hepatic CYP2B6 can account for 4 to 10% of the total hepatic CYP protein pool (2-4), as opposed to the Ͻ0.2% value reported in an earlier study (5). It is now considered to be the main enzyme responsible for the metabolism of many clinically important drugs and other compounds (1-4, 6, 7). Hepatic CYP2B6 protein expression and activity vary extensively (20-to 280-fold and 25-to 80-fold, respectively) among human liver tissues (3, 4, 8, 9) . Polymorphisms in the CYP2B6 gene and a host of nongenetic factors, including exposure to inducers and inhibitors (2-4, 10), contribute to the marked variability reported in enzyme activity. This variability accounts for the interpatient differences observed in the pharmacokinetics and effects of clinically important CYP2B6 substrates, including efavirenz (EFV) (10), methadone (11), ketamine (12), propofol (13), cyclophosphamide (14), bupropion (15), artemisinin derivatives (16), and nevirapine (17).
H
epatic cytochrome P450 (CYP) 2B6 (CYP2B6) was originally thought to play a minor role in human drug metabolism (1) . Recent studies have revealed that hepatic CYP2B6 can account for 4 to 10% of the total hepatic CYP protein pool (2) (3) (4) , as opposed to the Ͻ0.2% value reported in an earlier study (5) . It is now considered to be the main enzyme responsible for the metabolism of many clinically important drugs and other compounds (1-4, 6, 7) . Hepatic CYP2B6 protein expression and activity vary extensively (20-to 280-fold and 25-to 80-fold, respectively) among human liver tissues (3, 4, 8, 9) . Polymorphisms in the CYP2B6 gene and a host of nongenetic factors, including exposure to inducers and inhibitors (2) (3) (4) 10) , contribute to the marked variability reported in enzyme activity. This variability accounts for the interpatient differences observed in the pharmacokinetics and effects of clinically important CYP2B6 substrates, including efavirenz (EFV) (10) , methadone (11) , ketamine (12) , propofol (13) , cyclophosphamide (14) , bupropion (15) , artemisinin derivatives (16) , and nevirapine (17) .
Accurate assessment of hepatic CYP2B6 activity has been hampered by the lack of a selective and easy-to-use phenotyping probe. The hydroxylation of bupropion, predominantly catalyzed by CYP2B6 (18) , was an early and frequently used in vitro and in vivo probe of CYP2B6 activity (19) . However, its usefulness in vivo to quantitatively assess induction of drug interactions (20) and to phenotype genetic variants of CYP2B6 (21) has been limited due to the significant competition from non-CYP2B6 parallel elimination pathways (22, 23) and the complex disposition of bupropion and 4-hydroxybupropion (24) (25) (26) . Quantifying S-bupropion hydroxylation was thought to improve bupropion utility as an in vivo CYP2B6 probe (27) . However, substantial presystemic elimination (i.e., hepatic first pass) of S-bupropion by carbonyl reductases coupled with the complex disposition of (S,S)-hydroxybupropion was recently shown to compromise S-bupropion as a useful probe (25, 26) .
Our previous work has established that CYP2B6 is the principal enzyme responsible for the metabolism of efavirenz (EFV) to 8-hydroxyefavirenz (8-OHEFV) and further downstream hydroxylation forming 8,14-dihydroxyefavirenz (di-OHEFV) (9, 28, 29) . We showed that variants in the CYP2B6 gene lead to reduced EFV metabolism (9, (30) (31) (32) (33) . Several studies in HIV-1-infected individuals have demonstrated a strong association between these variants and EFV metabolism (reviewed in references 10 and 34). We have also recently reported that rifampin and EFV, both inducers of CYP2B6, increase the rate of EFV 8-hydroxylation in healthy volunteers (35, 36) . The fraction of EFV metabolized via CYP2B6 hydroxylation is over 80% (28, 37) . Thus, it was likely that efavirenz would be superior to other in vivo probes of CYP2B6 activity. Although EFV has been recommended by regulatory agencies in the United States and Europe (38, 39) as an in vivo probe of CYP2B6 activity, formal validation and the conditions for its use are lacking. Its long half-life (t 1/2 ) (32) and the frequent adverse central nervous system (CNS) effects associated with therapeutic dosing (40) may hinder the full utility of efavirenz as an in vivo probe of CYP2B6 activity.
Voriconazole, an expanded-spectrum triazole antifungal, is currently recommended as first-line treatment for invasive aspergillosis in both adults and children. It is also widely used to treat other fungal infections, particularly in patients who are intolerant or have developed resistance to other antifungal drugs (41) . However, voriconazole frequently alters the disposition of concomitantly administered drugs, potentially leading to loss of efficacy or increased risk for adverse effects of the affected drugs (42) . In vitro and in vivo studies (42, 43) suggest that voriconazole alters the pharmacokinetics of coadministered drugs through inhibition of CYP2B6, CYP2C9, CYP2C19, and/or CYP3A4/5. In vitro, CYP2B6 is strongly inhibited by voriconazole (K i , Ͻ0.5 M) and is predicted to markedly inhibit CYP2B6 activity in vivo (43) . Indeed, voriconazole has been shown to increase the exposure of EFV (44) and another CYP2B6 substrate, methadone (45) , in healthy volunteers, but the disposition of the respective major metabolites of these drugs was not reported. Of note, the in vivo effects of voriconazole in healthy volunteers were less pronounced than what would be expected based on our in vitro data (43) , perhaps due to a bidirectional interaction between EFV and voriconazole when the two drugs are chronically administered together (44) . Thus, the precise mechanisms involved in these interactions and the capacity of voriconazole to inhibit CYP2B6 activity in vivo at noninducing doses of EFV remain to be established.
In the present study, we determined the disposition of a single 100-mg oral dose of efavirenz alone and after chronic administration of voriconazole to healthy volunteers. The main objectives were to test whether (i) voriconazole, which inhibits CYP2B6 in vitro, alters CYP2B6 activity in vivo; (ii) the disposition of a single oral dose of EFV would serve as a selective marker of CYP2B6 activity in vivo; and (iii) metabolic ratios (MRs) of EFV and its primary metabolites are reliable indices of CYP2B6 activity.
MATERIALS AND METHODS
Study subjects. Male and nonpregnant female volunteers between the ages of 18 and 55 years, weighing Ն50 kg and within 32% of their ideal body weight, and determined to be healthy through preenrollment screening (medical history, physical exam, standard laboratory blood and urine test, and electrocardiogram [ECG]) were recruited for this study. The protocol was approved by the Indiana University School of Medicine Institutional Review Board. After volunteers were allowed to read the protocol and the study was carefully explained to them, each participant signed a written informed consent prior to participation. The trial was registered at http://www.clinicaltrials.gov (trial identifier NCT01104376). The study was conducted at the Clinical Research Center of Indiana University's Clinical Translational Sciences Institute, located at Indiana University Hospital.
At the initial screening, a blood sample (ϳ10 ml) was obtained from each subject and genomic DNA was extracted and saved for genotyping assay. Subjects were also requested to adhere to dietary and medication restrictions, including discontinuation of herbal supplements and nonprescription medications, and to refrain from tobacco or marijuana use beginning 1 week before the study and continuing until completion of the study. Subjects were excluded for significant health conditions such as heart, gastrointestinal (GI), liver, or kidney disease. Volunteers with laboratory results that were not within normal limits, including abnormal baseline ECG readings, or who had a history of or current psychiatric illness, eyesight disturbances (e.g., blurred vision), or alcohol or drug abuse were excluded, as were female subjects with a positive urine test for pregnancy and subjects with weight less than 50 kg (110 lb) or body mass index (BMI) greater than 32. Additional exclusion criteria included anyone who had a blood donation within the past 2 months or who had participated in another research study involving intensive blood sampling. Finally, Indiana University employees or students under the supervision of any of the investigators were also ineligible to participate in this study.
Study design. This was a one-sequence, open-label study designed to characterize the disposition of EFV by examining the metabolism and pharmacokinetics of efavirenz administered alone and after treatment with voriconazole. Volunteers were studied in three phases with a total of two inpatient days (24 h each) and eight separate outpatient visits. The study design is depicted in Fig. S1 in the supplemental material.
In phase 1, subjects arrived at the Clinical Research Center in the morning after an overnight fast. A sterile indwelling catheter was inserted in a vein in one arm for blood sample collection. A urine pregnancy test was performed, if applicable. A predose blood sample and urine samples were obtained, and then a single 100-mg oral dose of EFV was administered with ϳ200 ml water. As safety measures, vital signs and ECG were recorded before and every 6 h after EFV dosing. Participants were also monitored for potential side effects and encouraged to report immediately any unusual feelings. A standard meal was served 3 h after EFV dosing, and volunteers were otherwise allowed a regular diet. Blood samples (ϳ10 ml) were collected at 0.5, 1, 1.5, 2, 2.5, 3, 4, 6, 8, 10, 12, 16, and 24 h after EFV administration. Urine voided was collected periodically (0, 4, 8, 12, 16 , and 24 h) after EFV administration. Following the 24-h blood sample, subjects were discharged with an appointment to return to the Indiana Clinical Research Center outpatient clinic for an additional 48-, 72-, 120-, and 168-hour blood sample collection. They were also supplied with containers to collect urine for 48 h. Plasma was separated by centrifugation at 3,000 rpm, and two 10-ml urine aliquots were saved after the volume was recorded. Plasma and urine samples were stored at Ϫ80°C until assayed for EFV, voriconazole, and their respective metabolites.
Phase 2 of the study began after the 168-h blood draw for phase 1 on day 8. Volunteers received two oral loading doses of voriconazole (400 mg in the morning and in the evening) followed by 200 mg orally twice daily from day 9 to day 16. Subjects were supplied with a diary to record the date and time of voriconazole ingestion and any side effects that they might experience.
For phase 3, volunteers were readmitted to the Clinical Research Center for a second time in the morning of day 10 after an overnight fast. A second urine pregnancy test was performed, if applicable. A sterile indwelling catheter was inserted again into an arm vein for blood sampling. A blood sample was obtained for a complete metabolic panel including liver enzymes to assess voriconazole safety. Baseline blood and urine samples were obtained as in phase 1. Individuals received a morning dose of 200 mg of voriconazole orally. Two blood samples (ϳ10 ml) were obtained at 20 min and 50 min after voriconazole dosing. One hour after the voriconazole administration, subjects ingested a single 100-mg oral dose of EFV with ϳ200 ml water. A standard meal was allowed 3 h after EFV dosing. An evening dose of 200 mg of voriconazole orally was given while subjects were in the Clinical Research Center. Dosing with voriconazole (200 mg twice daily) continued for 6 days after discharge. All other procedures were the same as described in phase 1. Following collection of the final blood sample on the morning of day 17, exit exams that included a physical and a vision exam, an ECG, and a repeat of the screening laboratory tests were performed and the study diaries were collected. Day 17 marked the completion of the study.
Analysis of drugs and metabolites in plasma and urine.
A new highperformance liquid chromatography (HPLC)-tandem mass spectrometry (LC-MS/MS) method was developed to simultaneously measure EFV, voriconazole, and their respective major oxidative metabolites.
(i) Chemicals. EFV, 8-OHEFV, 7-OHEFV, di-OHEFV, voriconazole, voriconazole N-oxide, deuterated efavirenz (EFV-d4), and nevirapine were purchased from Toronto Research Chemicals (Ontario, Canada). Formic acid, ␤-glucuronidase type H-5 from Helix pomata, and glycine were purchased from Sigma-Aldrich (St. Louis, MO). Methanol, ethyl acetate, sodium hydroxide, sodium chloride, and sodium azide were purchased from Fisher Scientific Company LLC (Hanover Park, IL). Sodium acetate was obtained from J. B. Baker (Phillipsburg, NJ). Water for LC-MS was prepared using a Nanopure Infinity UV system (Barnstead Thermolyne, Dubuque, IA). Other chemicals were of HPLC grade.
(ii) Extraction procedures. Drugs and metabolites were extracted and assayed after enzymatic deconjugation with ␤-glucuronidase. A 500-l amount of plasma was mixed with 500 l of 0.2 M sodium acetate (pH 5), 25 l of 600 mM sodium azide, and 50 l of ␤-glucuronidase (1,000 U/ml). The mixture was incubated for 18 h on a shaker at 37°C. After deconjugation, 30 l of 1 g/ml EFV-d4 and 500 ng/ml nevirapine were added as internal standards. After 1.25 ml of 1 M glycine-1 M sodium hydroxide (pH 11.3) and 8 ml of ethyl acetate were added and mixed for 15 min, the sample was centrifuged (Allegra 6; Beckman Coulter, Brea, CA) at 3,600 rpm for 15 min at 0°C. The organic layer was evaporated to dryness in a Savant RVT5105 refrigerated vapor trap (Thermo Fisher Scientific Inc., Waltham, MA).
Deconjugation of drugs and metabolites in urine was performed as described for plasma. The dried plasma and urine samples were reconstituted in 120 l of a 50:50 mixture of the two mobile phases. Standard curves were generated by addition of known concentrations of the analytes (10, 50, 100, 500, and 1,000 ng/ml) into blank plasma or urine. After the addition of internal standards, standards were extracted as described above. The standard curves were linear over the range of 10 to 1,000 ng/ml.
(iii) LC-MS/MS analysis. Analysis was performed on an Applied Biosystems API 3200 triple-quadrupole mass spectrometer controlled by Analyst software version 1.5.1 (Applied Biosystems/MDS Sciex, Foster City, CA) on a PC running Windows XP software (Microsoft, Redmond, WA). This MS/MS was coupled to an HPLC system consisting of two LC-20AD pumps, an SIL-20AHT UFLC autosampler, a DGU-20A3 degasser, and a CBM-20A controller (Shimadzu, Columbia, MD). Chromatographic separation was achieved using a Phenomenex Luna C 18 column (150 by 4.6 mm, 5-m particle size) along with a Phenomenex Luna C 18 4-by 3.00-mm guard column (Phenomenex, Torrance, CA). Mobile phase A consisted of methanol-formic acid (0.1% in water, 1/99, vol/vol), and mobile phase B contained methanol-formic acid (0.1% in water, 99/1, vol/vol) delivered in a gradient elution mode at a flow rate of 0.8 ml/min. The mobile phases were started at 50% mobile phase B, with a linear gradient to 90% B between 0.01 and 16 min, and then reequilibrated to initial conditions between 16.01 min and 20 min (50% B). Before and after each injection, the needle was washed with acetonitrile-water (75%/ 25%, vol/vol). MS optimization was achieved via adjustment of both the compound-dependent and instrument-dependent parameters for EFV, 8-OHEFV, 7-OHEFV, di-OHEFV, dihydroxyvoriconazole, and hydroxyvoriconazole (M3) in negative mode using EFV-d4 as an internal standard and, for voriconazole, voriconazole N-oxide and hydroxyvoriconazole (M2) with nevirapine as an internal standard in positive mode. Analytes were optimized at a source temperature of 500°C, under unit resolution for quadrupoles 1 and 3, and at a dwell time of 60 ms and a setting time of 700 ms. Optimal gas pressures were as follows: collision gas, 7 lb/in 2 ; curtain gas, 25 lb/in 2 ; ion source gas (i), 55 lb/in 2 ; ion source gas (ii), 55 lb/in 2 . Ion spray voltage was 4,000 V in positive mode. In negative mode, optimal gas pressures for all analytes, including the internal standards, were as follows: collision gas, 9 lb/in 2 ; curtain gas, 30 lb/in 2 ; ion source gas (i), 40 lb/in 2 ; ion source gas (ii), 55 lb/in 2 . Ion spray voltage was Ϫ3,500 V. The compound-dependent mass spectrometer parameters and the parent and fragment ions used in multiple reaction monitoring mode for quantification are listed in Table S1 in the supplemental material for both the positive and negative modes. Pharmacokinetics analysis. Pharmacokinetic parameters were estimated from plasma concentration-versus-time data by noncompartmental analysis, using PKSolver software (46) . The area under the plasma concentration-versus-time curve (AUC) from time zero to the last quantifiable concentration (AUC 0 -t ) was estimated using the linear/logarithmic trapezoidal rule for the absorption and elimination portions of the curve, respectively. The terminal elimination rate constant ( z ) was estimated from the slope of the regression line fitted to the log plasma concentration-time data by the method of linear least squares. The AUC was extrapolated to infinity from the last measured concentration (C LAST ) as the quotient of C LAST and z . Partial AUCs were also calculated as needed. The elimination half-life (t 1/2 ) was calculated as the quotient of 0.693 and z . The maximum plasma concentration (C max ) and the time to C max (t max ) were determined by visual inspection of the data. Plasma metabolic ratios (pMRs) over various time periods were computed for each metabolite as the quotient of the parent AUC and the respective metabolite AUC. Single plasma concentration ratios were also computed for individual time points between 0.5 and 168 h. The total amounts (milligrams) of EFV and metabolites recovered in urine (A e ) were obtained. The renal clearance (CL r ) of parent drug and metabolites was calculated as the quotient of amount of parent drug or metabolites excreted unchanged in urine over the first 48 h (A e0 -48 ) and the plasma AUC 0 -48 . The amounts of metabolite excreted in urine were corrected for molecular weight differences to yield molar mass excreted. The formation clearance of efavirenz to metabolite (CL f ) was estimated as the quotient of the molar amount of metabolite recovered in urine (A e0 -48 ) and the AUC 0 -48 of EFV. The di-OHEFV product is a secondary metabolite derived from 8-OHEFV. The sum of the two metabolites excreted as 8-hydroxy over 48 h was used to compute total 8-hydroxylation, while the conversion of di-OHEFV from 8-OHEFV was obtained by dividing A e of di-OHEFV/ AUC of 8-OHEFV.
Statistical analysis. Data are reported as means Ϯ standard deviations (SDs) or ranges. Comparison of pharmacokinetic parameters among control and treatment phases was performed by paired t test using GraphPad Prism 5 (GraphPad Software, La Jolla, CA, USA). Pearson's correlation analysis was performed using GraphPad. Differences were judged to be due to voriconazole treatment rather than chance variation when P was Ͻ0.05.
RESULTS
Pharmacokinetics data from 61 subjects who fully completed all phases of the study are presented in this paper. The demographic characteristics and safety profiles of EFV and voriconazole are shown in Table S2 in the supplemental material.
Certain pharmacokinetic properties of EFV and its metabolites are depicted in Fig. S2 in the supplemental material. In the control phase, plasma concentrations of 7-, 8-, and di-OHEFV declined in parallel with EFV plasma concentrations (see Fig. S2A ) and the elimination half-lives of the metabolites were comparable to that of the parent drug ( Table 1 ), indicating that the metabolites demonstrated formation rate-limited elimination. Similar trends were observed in the voriconazole-treated group (see Fig. S2B ). EFV was the main circulating moiety followed by 8-, di-, and 7-OHEFV (see Fig. S2C ). Compared to controls, the exposure of 8-and di-OHEFV relative to the exposure of EFV was considerably reduced by voriconazole, whereas that of 7-OHEFV remained similar between the groups (see Fig. S2D ).
The plasma concentration-versus-time profiles of EFV after oral administration alone and with voriconazole are shown in Fig.  1A . The corresponding pharmacokinetic parameters are summa-rized in Table 1 . Compared to EFV alone, voriconazole markedly increased plasma concentrations of EFV (Fig. 1A) . Accordingly, the C max and AUC 0 -168 (i.e., AUC 0 -t ) of EFV were significantly increased and its elimination half-life (t 1/2 ) was prolonged ( Table  1 ). The changes varied widely among subjects (e.g., the mean AUC 0 -t change of EFV was 89% and ranged between 0.4 and ϳ224%). The percent change in EFV exposure correlated significantly with steady-state exposure (AUC 0 -12 ) of voriconazole (r ϭ 0.27, P ϭ 0.04) and voriconazole N-oxide (r ϭ 0.28, P ϭ 0.03). Voriconazole also increased the apparent AUC 0 -ϱ of EFV by 145% (range, Ϫ3% to ϩ443%) (data not shown). Although this parameter could not be accurately estimated as the residual area beyond the last sampling time (168 h) was much greater than 10%, the data nevertheless indicate a larger effect of voriconazole on EFV exposure than is estimated using AUC 0 -t . The apparent renal clearance (CL r ) and time to C max (t max ) of EFV were not significantly affected by voriconazole ( Table 1) .
The plasma concentration-versus-time profiles of 8-, di-, and 7-OHEFV after oral administration of EFV alone and with voriconazole are shown in Fig. 1 . Voriconazole markedly reduced the concentrations of 8-and di-OHEFV at the earlier time points (Fig.  1B and C) , whereas the effect on 7-OHEFV was increased at later time points (Fig. 1D) . Accordingly, voriconazole significantly decreased the C max and partial AUCs of 8-and di-OHEFV (AUC 0 -12 , AUC 0 -24 , and AUC 0 -48 ) (all, P Ͻ 0.0001), except AUC 0 -t of 8-OHEFV, which did not reach a statistically significant level, and increased the partial AUCs of 7-OHEFV (Table 1 ; Fig. 2 ) (P, Ͻ0.05 to Ͻ0.0001). Voriconazole marginally but significantly changed the t max of 8-and di-OHEFV (P Ͻ 0.05) and the CL r of 7-OHEFV (P Ͻ 0.0001) ( Table 1) ; CL r values of 8-and di-OHEFV and C max and t max of 7-OHEFV were comparable between the treatments ( Table 1) .
The composition of the 0-to 48-h urinary excretion products (A e0 -48 , nanomoles) of EFV was analyzed (Table 2) . EFV is mainly excreted as metabolites (greater than 99%; 8-OHEFV Ͼ di-OHEFV Ͼ 7-OHEFV ϾϾϾϾ EFV). Recovery of unchanged EFV was less than 0.02%. The total percentage of the dose recovered in urine as EFV and metabolites was generally small (on average, Ͻ10%). Compared to controls, voriconazole increased A e0 -48 of EFV and decreased A e0 -48 of 8-and di-OHEFV (P Ͻ 0.001); A e0 -48 of 7-OHEFV was marginally decreased by voriconazole. Assessment of the relative metabolite formation clearance (CL f ) in control (and voriconazole) indicates that 49% (51.5%), 12% (19%), and 88% (80%) are accounted for on average by CL f of EFV to 8-OHEFV, 7-OHEFV, and total 8-hydroxylation, respectively ( Table 2 ). The relative contribution of CL f of EFV to 7-OHEFV was increased ϳ70% by voriconazole, possibly due to shunting of EFV metabolism to 7-hydroxylation because of inhibition of CYP2B6-mediated 8-hydroxylation. The CL f of 8-OHEFV to di-OHEFV was more than 2-to 4-fold higher than the CL f of EFV to 8-OHEFV in the control and voriconazole treatments, respectively. The formation of EFV to total 8-hydroxylation pathway would be underestimated by approximately 39% and ϳ29% in the control and voriconazole groups, respectively, if sequential metabolism to di-OHEFV were not taken into account (Table 2) . Voriconazole significantly reduced the CL f of EFV to 8-OHEFV, 7-OHEFV, and total 8-hydroxylation by 61.5%, 39.8%, and 66.5%, respectively (Table 2) . Plasma (AUC of EFV/AUC of metabolite) and urine (A e0 -48 of metabolite/A e0 -48 of EFV) metabolic ratios (MRs) were calculated as potential indices of CYP2B6 activity (Table 3) . Plasma partial AUC MRs of 8-and di-OHEFV and their combination were substantially increased by voriconazole, with AUC 0 -12 and AUC 0 -24 ratios being most sensitive; urine MRs were significantly decreased (Table 3 ). Plasma and urine MRs involving 8-hydroxylation were significantly correlated with EFV exposure (plasma MRs, r Ն 0.8 for 8-OHEFV and total 8-hydroxylation, r Ն 0.74 for di-OHEFV; urine MRs, r ϭ Ϫ0.43 to 0.47; all, P Ͻ 0.0001) (data not shown). No changes were observed in the plasma 7-OHEFV MRs, but urine MRs were slightly reduced by voriconazole, probably due to changes in CL r (Table 1) .
While the robust effect of voriconazole on MRs and correlation with efavirenz exposure indicate that plasma MRs involving 8-hydroxylation can be reliable markers of CYP2B6, these indices still require sampling at multiple time points after dosing and calculation of the AUCs. Therefore, individual EFV-to-metabolite concentration ratios were calculated and compared between the treatment groups as an easy-to-use marker of CYP2B6 activity (Fig. 3) .
Voriconazole substantially increased parent to 8-and di-OHEFV and total 8-hydroxylation plasma concentration ratios between 0.5 and 48 h, maximally at about the t max (2.5 to 3 h) after EFV dosing (Fig. 3A to C) , whereas parent to 7-OHEFV ratio did not differ between treatments (Fig. 3D) . We then tested whether the 3-hour time point concentration ratios can serve as a surrogate marker of CYP2B6 activity. Compared to the control, voriconazole strikingly increased the 3-hour plasma concentration ratios of EFV to 8-OHEFV, di-OHEFV, and total 8-hydroxylation (see Fig.  S3 in the supplemental material). The 3-hour concentration ratios correlated significantly with AUC 0 -t (r Ն 0.75, P Ͻ 0.0001); the partial plasma AUC MRs involving 8-hydroxylation after 12, 24, and 48 h (r Ͼ 0.9; P Ͻ 0.00001) (Fig. 4) ; and the 0-to 48-h urine MRs (r ϭ Ϫ0.52, P Ͻ 0.001).
DISCUSSION
In this in vivo study, we demonstrated for the first time that (i) voriconazole is a potent inhibitor of CYP2B6-mediated EFV 8-hydroxylation (Fig. 5), (ii) the disposition of EFV is a selective marker of CYP2B6 activity, and (iii) the ϳ3-h post-EFV plasma concentration metabolic ratio is an easy-to-use, cost-effective index of CYP2B6 activity.
In humans, EFV is mainly cleared by hepatic metabolism via three primary routes, namely, CYP2A6-and CYP2B6-catalyzed 7-and 8-hydroxylation (9, 28, 29, 37) and direct N-glucuronidation by UGT2B7 (47) . The monohydroxymetabolites can be hydroxylated by CYP2B6 to dihydroxymetabolites (29) or conjugated to glucuronide and/or sulfate metabolites (28, 48) , with subsequent excretion in urine (37) . The present data show that 8-hydroxylation is the major route of elimination, accounting for ϳ88% of EFV elimination. Formation of 7-OHEFV represents a minor pathway (Ͻ13%), and only trace amounts of unchanged EFV are recovered in urine. EFV N-glucuronide was not measured in this study, but this pathway is considered a minor route (Ͻ5%) of EFV elimination (48) . Our data broadly concur with the metabolic profiles described previously (37, 49) . Together, these data suggest that EFV is predominantly cleared via CYP2B6-mediated 8-hydroxylation.
Voriconazole has been shown to modestly increase steadystate exposure of efavirenz (44) and methadone (45) , two drugs known to be cleared by CYP2B6 (9, 11, 28) , but the mechanisms involved could not be elucidated as metabolite data were not reported. Voriconazole is a potent inhibitor of CYP2B6 with an in vitro K i of Ͻ0.5 M (43), which is lower than voriconazole plasma concentrations reported after therapeutic doses (41) . Our data demonstrate that voriconazole considerably increases EFV exposure and decreases the C max and partial AUCs of 8-and di-OHEFV as well as the amount of these metabolites recovered in urine. Both the 8-hydroxylation of EFV and the conversion of 8-OHEFV to di-OHEFV are primarily catalyzed by CYP2B6 (9, 28, 29, 32, 33, 37) . CYP2B6 is also the principal route catalyzing the conversion of 7-OHEFV and 8-OHEFV to 7,8-di-OHEFV (29) , which is consistent with the current in vivo observation. Combined with in vitro data (43) , the present results strongly support the idea that the mechanism for the effect of voriconazole on EFV elimination is CYP2B6 inhibition (Fig. 5) . It is unlikely that inhibition of other competing pathways contributes to the observed effect. Voriconazole did not alter CYP2A6-mediated 7-hydroxylation of EFV in vitro (43) and in vivo (present data). UGT2B7-catalyzed N-glucuronidation represents a minor route of EFV elimination (48) and cannot explain the effect of voriconazole on EFV exposure. Others have suggested that voriconazole may increase EFV exposure through inhibition of CYP3A4 (44) . Although voriconazole is a potent inhibitor of CYP3A (43, 50 ) and this enzyme system shows some activity toward EFV in vitro (28) , the in vivo role of CYP3A in the overall elimination of EFV is marginal (49) . Overall, the comprehensive analyses of efavirenz and its metabolites in plasma and urine provided a unique insight into the mechanism of the voriconazole-EFV interaction and established that voriconazole slows efavirenz elimination predominantly via inhibition of CYP2B6 in vivo (Fig. 5) . The effect of voriconazole to increase the AUC 0 -t of EFV by 89% (and AUC 0 -ϱ by 145%) was greater than the previously reported value of 43% (44) . Differences in study design (EFV single dose versus steady state) may explain this discrepancy. In our study, the effect of steady-state voriconazole on the metabolism and pharmacokinetics of a single oral dose of EFV (100 mg) was measured. In the other study, the interaction was evaluated after voriconazole (200 mg/day) and efavirenz (400 mg/day) were both administered to steady state (44) . Voriconazole steady-state exposure (AUC 0 -12 ) was substantially reduced (on average by 80%) in the previous study (44) , possibly due to EFV-mediated induction of voriconazole clearance (51) producing a smaller inhibitory effect on CYP2B6. If true, we would expect bidirectional interactions not only between voriconazole and EFV but also with other CYP2B6 substrates that demonstrate autoinduction (e.g., artemisinin, cyclophosphamide, ifosfamide, and nevirapine) (2, 7). It follows that the impact of an inhibitor on the exposure of a CYP2B6 substrate, administered on a one-time basis, would overpredict the expected changes observed after steady-state exposure of the autoinducing substrate. This is consistent with the quantitative differences observed between voriconazole-EFV interactions at a single dose (noninduced state [present data]) and after multiple doses of EFV (induced state [44] ). We also expect a robust inhibitory effect of voriconazole with CYP2B6 substrates that do not show induction of metabolism. This can be seen in a study in which steady-state voriconazole markedly increased the steadystate exposure of S-methadone (mean AUC 0 -24 increased by ϳ103%), a CYP2B6 that does not alter voriconazole metabolism upon repeated administration (45) . Evaluating steady-state inhibition drug interactions when the victim drug (e.g., EFV) may also be an inducer of the metabolism of the perpetrator drug (e.g., voriconazole) highlights the complexity of using such phenotyping probes to assess the status of hepatic drug metabolizing activity.
The long elimination half-life of EFV (32) limits its routine use as an index of CYP2B6 activity. We sought to test easy-to-use and cost-effective plasma and urine metabolic ratios as phenotyping markers of CYP2B6. These indices are valid because the plasma and urine elimination of 8-and di-OHEFV was formation-rate limited, consistent with our previous studies (29, 32) . We identified a number of metabolic ratios involving 8-hydroxylation (Table 3) that were markedly altered by voriconazole and correlated significantly with EFV elimination parameters. However, our approach still entails the collection of serial blood and urine samples, requiring a significant time commitment and cost. To address this limitation, we tested whether a single-time-point determination of plasma EFV and metabolite concentrations could serve as a surrogate for CYP2B6 activity. Our data suggest that the 3-hour plasma concentration ratio of 8-OHEFV, di-OHEFV, or the combination to EFV was markedly increased by voriconazole and correlated with efavirenz exposure and partial AUC metabolic ratios. Thus, this index may represent the most reliable marker of CYP2B6 activity in population studies. The correlations of plasma metabolic ratios with urinary metabolic ratios were less robust.
In summary, the comprehensive analysis of the disposition of EFV and its major metabolites in the plasma and urine with and without voriconazole allowed validation of a low/safe dose of EFV as a selective marker of CYP2B6 activity. Recently, we showed that EFV is a valid probe to assess CYP2B6 induction in vivo and validated the 3-hour metabolic ratio as a marker of this enzyme (36) . It is well known that variants in the CYP2B6 gene are associated with EFV metabolism and effect (10, 17, 34, (52) (53) (54) . Together, EFV is a reliable probe to assess the impact of CYP2B6 genetic polymorphisms and induction and inhibition drug interactions on CYP2B6 activity in vivo. Because the fraction of the EFV dose metabolized via the CYP2B6-mediated 8-hydroxylation is close to unity (37, 49 ; present data), this probe is superior to other CYP2B6 phenotypic probe drugs used currently (19, 27) . The proposed single-point sampling strategy (ϳ3-hour concentration metabolic ratio), along with the validation of a low dose devoid of common CNS side effects observed at therapeutic doses (40) , should facilitate the utility of EFV alone or included in a cocktail as an easy-to-use, safe, and cost-effective CYP2B6 phenotypic probe. Finally, our data suggest that voriconazole would alter the pharmacokinetics of a growing list of CYP2B6 substrates. Thus, monitoring for adverse effects or lack of efficacy is needed when CYP2B6 substrates are coprescribed with voriconazole. 
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